Introduction
The integration of ferroelectric materials with semiconductors has been an attractive research interest due to a variety of potential applications in electronic, memory, and optoelectronic devices [1] [2] [3] . Due to the strong [0 0 0 1] polar nature of III-Nitrides [4] and switchable polarization properties of ferroelectric oxides [5] , it is predicted that an interfacial coupling effect will occur during the formation of heterojunctions. In addition, BTO exhibits piezoelectric and pyroelectric properties and GaN possesses wide bandgap tuneability, high breakdown strength and high-frequency capabilities. The combination of these materials systems would be a potential candidate for non-volatile memory applications. Recent studies on similar semiconductor/ferroelectric heterojunctions suggest that these heterojunctions are also applicable for photovoltaic devices [2, 6] . The devices fabricated with these materials would have additional advantages due to their stability at high temperatures. In the present study, the transport phenomenon in BTO/GaN heterojunction will be discussed. BTO has large polarization and GaN is an important polar semiconductor material with inherent polarization properties [7] . Hence, the coupling between spontaneous interface charges of the wurtzite-structure GaN layer and perovskitestructure BTO layer would result in interface charge coupling. Hence, it is necessary to study the polarization properties, band alignment and transport properties of the heterojunction. According to a previous theoretical report by Zhang et al, BTO deposition temperature above 700 °C results in the inter-diffusion of the elements at the BTO/GaN heterojunction interface [7] . This leads to imperfections at the interface.
Hence, in the present work, BTO films were deposited at lower temperatures on GaN epitaxial layers and studies have been carried out in terms of polarization-dependent transport behaviour. In other words, studies are carried out on ferroelectric and semiconductor heterojunction behaviour and polarization induced by interfacial coupling effect. Tetragonal BTO was deposited on (0 0 0 1) GaN template on (0 0 0 1) Al 2 O 3 substrate. The fabricated heterojunction has been investigated by transport measurements. Polarization nature of the heterojunction is also studied. Based on the transport behaviour and polarization measurements, a detailed analysis of the band alignments and interface polarization coupling effects were also carried out by estimating the valence band offset (VBO) and conduction band offset (CBO) of the heterojunction.
Experimental section
A commercially obtained GaN epilayer with a thickness of 8 µm grown on c-Al 2 O 3 was used as a template for the deposition of BTO. BTO films have been deposited by the pulsed laser deposition (PLD) technique. During PLD, a Coherent COMPexPro 102 KrF excimer laser of 248 nm wavelength, 200 mJ pulse energy, 3.38 J cm −2 energy density, 5 Hz frequency, and 20 nm pulse width was used to ablate the BTO target. BTO was deposited under a vacuum of ~3 × 10
mbar with the base pressure of ~1.5 × 10 −6 mbar and the deposition temperature was maintained at 650 °C. The duration of deposition was varied depending on the thickness requirement of the BTO films. The tetragonal phase formation of BTO has been confirmed by x-ray diffraction (XRD) and Raman spectr oscopy measurements, which were carried out with Bruker D8 ADVANCE and LabRAM HR systems, respectively. To study the ferroelectric response of these BTO/ GaN heterojunctions, a piezo-response force microscopy (PFM) mode of Bruker AFM & Agilent 500 systems has been used. Three samples were used to study the band alignment analysis. A thick GaN template sample, 100 nm thick BTO films on GaN template, and BTO (4 nm)/GaN heterojunction were used for estimating the band alignment between BTO and GaN by using x-ray photo-electron spectroscopy (XPS) data. The XPS measurements were performed using an AXIS Ultra DLD x-ray photoelectron spectrometer equipped with an Al K α x-ray source. For investigating the heterojunction transport behaviours of BTO/GaN, 100 nm thick BTO on GaN template was used. The transport behaviour of the heterojunction was studied by I-V measurements using a Keithley source meter (SMU 2400). To attain the contacts with low resistance, for BTO and GaN, sputter-deposited Au and Al metal contacts were fabricated, respectively.
Results and discussion

Tetragonal phase BTO on
To verify the tetragonal phase formation of BTO, XRD and Raman spectroscopy experiments were carried out. The XRD spectrum for BTO/GaN/c-Al 2 O 3 in figure 1 , shows the peaks at around 2-theta values of 31.37°, 37.81°, 44.97°, 55.61° and 70.10° for the tetragonal phase of BTO [8] . In addition, the wurtzite phase of GaN and a relatively weak peak for cAl 2 O 3 substrate can also be seen. Raman spectroscopy results are shown in figure 2 , which confirm the formation of the tetragonal phase of BTO on wurtzite GaN. Raman peaks were observed at 316 cm , and 734 cm −1 of BTO E(TO + LO), BTO E 1 (TO), GaN E 2 , and GaN A 1 (LO) phonon modes. These phonon modes confirm the formation of the tetragonal phase of BTO on wurtzite GaN [8, 9] . The XRD as well as Raman spectra of the GaN/c-Al 2 O 3 template are also shown in the respective figures to compare the BTO peaks along with the peaks originating due to the substrate template.
Ferroelectricity and polarization switching (piezo-force microscopy)
The ferroelectric properties of BTO/GaN heterojunctions were tested using PFM, by probing the local domain configuration and switching of polarization. The PFM measurement configuration and generalised (with lower magnitude of AC signal when compared to DC bias) schematic switching of the 
has been brought into contact with the sample surface. The electromechanical response of the surface is measured in terms of the first harmonic component of the bias-induced tip deflection,
where, ϕ is the phase of the response, which gives information on the polarization direction below the tip. c − domains indicate the polarization vector pointing downward and the application of a positive tip on it results in expansion of the sample. Hence, surface oscillations are in phase with the tip voltage, hence ϕ = 0°. On the other hand, for c+ domains, ϕ = 180° [10] . The obtained AFM topography, PFM phase, and ampl itude micrographs are shown in figure 3 , where the typical surface roughness of the BTO layer was found to be 2 nm. For PFM measurements, a 1 × 1 µm 2 square area was pooled with the tip held at +3 V. We applied DC voltages in triangle sawtooth form to the sample for switching its polarization, as shown in figure 3(b) . An AC voltage of 3 V has simultaneously been applied to measure the corresponding piezo-response. To minimize the electrostatic interaction effects, the piezo-response is measured during the OFF state at each step. The bright and dark contrasts in the phase micrograph correspond to the downward and upward polarization states, respectively, as shown in figure 3 (e). The contrast in amplitude piezo-response is related to the magnitude of the piezoelectric signal [11] . These results exhibit a180° domain wall movement between positive and negative polarizations [2] . The domain wall movement is between c+ and c− domains i.e. between positive polarizations where surface charge is positive and negative polarizations where surface charge is negative, respectively. Out-of-plane piezoresponse was measured as a function of applied voltage. The PFM piezo-response ampl itude (butterfly loop) and phasecontrast hysteresis are shown in figures 3(f ) and (g), respectively. At a low bias of ~1 V, both the amplitude and phase remain relatively stable (not shown in figure) . This indicates the non-switching behaviour at low voltages [11] . Only after the increment of the bias voltage ~3 V, the reversal becomes apparent and exhibit a well-developed butterfly loop along with a square phase hysteresis loop. Two asymmetric coercive fields were observed, V_ = −1.25 V and V + = 1.75 V, which shows a non-symmetric behaviour of polarization reversal [11] . The further discussion on the non-symmetrical polarization reversal with the help of band line-up studies will be carried out in the later sections.
Band alignment studies of BTO/GaN heterojunction
In order to understand the carrier conduction mechanisms of BTO/GaN heterojunctions, it is very important to establish band alignments. Although BTO and GaN have emerged as important materials, their band alignment studies are not available in the literature. Band alignment analysis was carried out using XPS by evaluating three samples: (a) 8 µm GaN (b) 100 nm BTO on GaN, and (c) 4 nm BTO on GaN. The binding energy separation between the core level (CL) and valence band maximum (VBM) for each material is obtained by the sample with thickness greater than the photoelectron escape depth i.e. sample (a) and sample (b). Measurements on thick samples resulted in the spectra representing the singular material, as shown in the survey spectra of figures 4 and 5. The magnified spectra of the valence band (VB) and CLs are also shown in the figures for thick GaN and BTO thin-film samples. The VBM positions in the VB spectra were determined by linear extrapolation of the leading edges of the VB spectra to the base lines in order to account for the instrument resolution-induced tail [12] . Along with survey spectra, magnified spectra for CLs for the BTO/GaN heterojunction are shown in figure 6 . This eliminates the effect of interfacial band bending and the effect of underlying material [2] . Initially, the valence band offset (VBO) has been established by the equation given below i.e. by using the energy differences between the Ti and Ga CLs (ΔE cl ) acquired from the BTO/GaN heterojunction, the CL energies and the VBM (E VBM ) from the thick BTO film and the CL energies, and the E VBM from the thick GaN epilayers. The binding energy values obtained for each sample is given in table 1. The relation between the VBO ΔE v and photoelectron spectroscopy measurement results is given by [12] ,
where ΔE cl denotes the difference in the energy between the Ti 2p and Ga 2p CL peaks in the BTO/GaN heterojunction. The Ti 2p and Ga 2p XPS CL spectra of the bulk samples of BTO and GaN, respectively, are shown in figures 4 and 5, along with the VBM positions of the bulk samples. The CL and VBM positions of BTO as well as the GaN are comparable to the previously reported values [13, 14] . By comparing the spectra recorded on the BTO and GaN samples, it was found that the Ti 2p peak in the BTO/GaN heterojunction sample shifted by ~0.82 eV and the Ga2 p CL is shifted by 0.67 Ev, as shown in figure 6 . By substituting those values obtained in experiments into the above equation, the VBO value is calculated to be 0.82 ± 0.01 eV. Finally, the CBO (ΔE c ) was estimated by the relation, E E E -, where is -.
The bandgap values of 3.2 and 3.4 eV were considered for BTO and GaN, respectively. Electron affinities of 3.76 eV and 4.10 eV were considered for BTO and GaN, respectively. ΔE c was calculated to be 0.62 eV, and as a result, a type-II band alignment for the BTO/GaN heterojunction has been proposed, as shown in figure 7 . The BTO/GaN band offsets obtained are found to be in agreement with the previous theoretical estimations [7] , in which the VBO was derived from,
where ΔV int is the discontinuity in macroscopic average electrostatic potential. 
Modulations in carrier conduction at the BTO/GaN heterojunction
The device configuration for transport measurements of heterojunction is shown in figure 8(a) . The schematic diagram of the vertical configuration of polarizations at the BTO/GaN interface is shown in figure 8(b) . The current-voltage characteristics for this device are shown in figure 8(c) , which exhibits a hysteresis in Schottky-type behaviour I-V characteristics at the BTO/GaN heterojunction. This behaviour confirms the apparent resistive switching behaviour. To inspect the stability of the switching phenomena, we performed the I-V sweeps for five cycles. The ON/OFF and resistance ratios at 2 V were observed to be in the order of 10 3 . The equivalent circuit for this model is shown in the inset of figure 8(c) . The equivalent circuit consists of a rectifier along with a memristor connected in parallel. A similar type of equivalent circuit was proposed in the previous reports [15, 16] . The variation of the resistance is also shown in the inset of figure 8(c) . The heterojunction behaviour was further analysed with the relation [14] ,
where q is charge, k is Boltzmann constant, and T is temperature. *
A is the Rechardson's constant. The ideality factor, n was observed to be ~2.1 for the voltage range 0-2 V. The barrier height, ϕ b was found to be 1.8 eV. The I-V curve for decreasing the voltage from 2-0 V exhibits an ideality factor of 2.8 and ϕ b of 1.1 eV. The consequences of the observed ideality factor and barrier height are discussed along with the band alignment studies. The electrical transport behaviour and polarization coupling phenomena at the heterojunction will be correlated with the band line-up studies.
The carrier conduction in the BTO/GaN heterojunction can be further explored by examining the energy band diagram of BTO/GaN devices with the presence of positive and negative bias. From the energy band diagram shown in figure 7 , the band alignment can be categorized as staggered type. The carrier conduction in the heterojunction is shown in figures 9(a) and (b). These types of heterojunctions possess a depletion region and a potential barrier, as shown in the figure. From the band offset studies, the barrier heights for the electrons and holes are 0.62 and 0.82 eV, respectively. The conduction behaviour is mainly due to the electrons rather than holes, confirmed by the barrier height difference of 0.2 eV [11] . Since the barrier height for electrons is 0.62 eV, the turn-on voltage should be around 0.62 V for an ideal case. From the I-V curves, two different barrier heights of 1.8 and 1.1 eV are evaluated due to the hysteresis behaviour. These values are deviated from 0.62 V, likely due to the band modulations by the interface dipole coupling. While superimposing the I-V characteristics with PFM hysteresis characteristics, the switching voltage coincides in either direction. Hence, one can conclude that the device switching direction is dependent on the polarization properties of the BTO/GaN heterojunction.
In addition, the ferroelectric polarization modulation would also lead to the variation in both the width of the depletion region and height of the potential barrier, which results in the observed resistive switching behaviour. BTO contains both positive and negative charges, but in bound states the orientation of bound charges depends on ferroelectric polarization of BTO, which can be controlled by external biasing. When a negative bias was applied at the BTO, the ferroelectric polarization in BTO is upward, as shown in figure 9(a) . The negative bound charge in BTO induces a polarization field, which repels (negative bound charge repels the majority of electrons and attracts the majority of holes) the majority carrier electrons from the interface towards GaN and attracts minority carrier holes towards BTO. This phenom enon results in an increase in the depletion region at the BTO/GaN interface, and the device exhibits a high resist ance state (HRS). Instead, when a positive bias was applied on BTO, the ferroelectric polarization in the BTO is downward, as shown in the schematic diagrams in figures 8(b) and 9(b). This positive bound charge in the BTO induces a polarization field, which repels minority carrier holes from the BTO and attracts majority carrier electrons from the GaN. Due to this phenom enon, a decrease in the depletion region at the BTO/GaN hetero-interface takes place. Hence, the band bends downward, resulting in a decrease in the barrier height. Thus, the device exhibits a low resistance state (LRS). The device switches from a LRS to HRS when negative bias is applied to BTO. Therefore, from the band diagrams, it was found that the ferroelectric polarization and the resistive states are related to the modulation of depletion barriers in BTO/GaN devices. The depletion region induces an energy band bending leading to modification in the potential barrier heights at the interface. If we consider the electron affinity model (EAM), the barrier for electrons i.e. the CBO must be 0.34 eV. This is comparatively less than our result obtained from the XPS studies, due to the built-in fields at the BTO/GaN interface, which break the equivalence of the two polarization states, resulting in a tendency to align the domains in a favoured orientation. Hence, the asymmetry in the phase hysteresis loop is observed with a large imprint field of 0.5 V. This value reasonably matches the difference between the EAM and experimental CBO. Hence, the difference in the barrier heights justifies the polarization-induced modulations in the transport characteristics.
Conclusions
BTO/GaN heterostructures were fabricated, in which tetragonal-structured BTO was deposited by PLD on wurtzite (0 0 0 1) GaN. The as-prepared BTO/GaN heterojunctions exhibited a reversible ferroelectric polarization. Moreover, the heterojunctions also exhibit diode-like rectifying electrical transport characteristics. The carrier transport mechanism was analysed based on the heterojunction polarization and band alignment studies. The measured CBO and VBO are 0.62 and 0.82 eV, respectively, which differ from the EAM. Hence, the disruption of equivalence in the two polarization states at the heterojunction. It has been concluded that polarization-modulated p-n junction behaviour is observed when band offset data and electrical transport behaviour are analysed correlatively. 
